INTRODUCTION
It is commonly believed that experimental observations of the photoelectric effect establish the existence of uniquely quantum mechanical properties of the electromagnetic field. Various classic experiments, coupled with the notion of microscopic energy conservation, are usually cited to establish this claim. 1 Unfortunately the insistence upon microscopic energy conservation amounts to an auxiliary criterion. which for a classical field theory (CFT), is inherently ambiguous. The quantum mechanical energy of a photon, hv, is experimentally relevant to the photoelectric effect, determining the kinetic energy of the ejected electrons. This insistence, on the other hand, demands that the classical ., field energy f (E 2 + H2)dV 18w be equal to this and be simultaneously conserved. The classical Maxwell's equations contain no constraint that these energies be equal, as a quantum field theory (QFT) does. 2
This demand is, in fact, unreasonable for a c1as sical field theory. It is therefore also unreasonable to use this constraint as a basis for an experimental distinction between the theories. With equal justification one might say that these experiments disprove microscopic energy conservation during the photoelectric process while upholding CFT. The above belief was finally shown to be totally unfounded when it was demonstrated that the above observations can be quantitatively accounted for by a semiclassical radiation theory in which the electromagnetic field is left unquantized . .3 The basic elements of this theory have since been used as a skeleton for the more recent and Widely discussed neoclassical radiation theory of Jaynes, Crisp. and Stroud 4 (NCT). In both of these theories it is hypothesized that the classical Maxwell's : ~. , '.f '~_ t -3-equations describe the free electrQmagnetic fieid, and that this field never needs to be quantized to account for experimental observations.
Previous experimental observations of the photoelectric effect, in and of themselves. are in agreement with this hypothesis. and do not appear to necessitate quantum mechanical properties for the radiation field.
In 1955, following Schrodinger's suggestion. Adam, Janossy, and VargaS (AJV) searched for anomalous coincidences in a partially collimated beam of light. jauch. 6 in his discussions of the foundations of quantum mechanics, has recently emphasized the importance of this experiment and an associated one performed by Janossy and Naray 7
ines~ablishing the existence of a wave -particle duality for photoris.
Moreover the arguments of AJV and Jauch do not rely on energy conservation (although other assumptions are needed for thei'r specific scheme) and as such are hot subject to the above criticism. Attention is naturally called to this experiment by the recent discus sions of semiclassical theories. in hopes that it might provide an additional aspect of the photoelectric effect upon which the predictions of eFT and QFT differ.
In this paper we will show that the actual values of the parameters for the arrangement of AJV (and subsequent similar experiments) unfortunately were insufficient to make that experiment conclusive. . 8
It is noteworthy that an analysis, by Aharonov et al. pre sented a scheme similar to that of AJV as a Gedankenexperiment, while noting a paucity of actual experiITlental distinctions between CFT and .QFT.
The CFT prediction for our experiment follows reasoning similar to that by Titulaer and Glauber, 9 who discussed constraints applicable to CFT which deITlarcate a boundary between CFT and the more general QFT descriptions of the electromagnetic field.
In what follows we first contrast the CFT and QFT predictions for a single photon falling on a half-silvered mirror. We next discuss previous relevant experiITlents, contrast these with our own experimental scheme, and show that of these only ours provides the desired distinction. Finally we describe the apparatus and present the results.
PREDICTIONS FOR A SINGLE PHOTON FALLING ON A HALF-SILVERED MIRROR
In this section we review the arguments by AJV and Jauch. Con- (1 )
The various U. can be evaluated from formulae found in Refs. 10 and 11.
I
Thus QFT predicts that an observation will find at most one of the deteetor atoms ionized; i. e., coincident responses will occur only at the random accidental rate , induced by emissions from two different . 12
excIted source atoms •.
-6-Next we consider the same system from the CFT viewpoint. Our basic assumptions for thIs are twofold: (1) the electromagnetic field is described by the classical (unquantized) Maxwell's equations, and (2) the probability of photoionization at a detector is proportional to the classical intensity of the incident radiation. These two as sumptions alone are sufficient for our purpose s, and they are in evident agreement with experiment. 13 Since ionizations at the VA and VB phototubes , are independent, but are induced by nearly identical classical pulses of light, for a given split wave train both tubes will have roughly the same probability for registering a count. This independence implies that the probability that both will respond to the split wave train is simply the product of the probabilities that each will respond. The nonzero value of this product implies the existence of an anomaious coincidence rate above the accidental background. The CFT prediction is thus in marked contrast with QFT prediction, the latter requiring no coincidences above the backg~ound level. 12
The above argument may be summarized very simply. Consider a radiation field quantum mechanically with only one photon present. If we bring' this into interaction with two separated atoms we will never get more than one photoelectron. If on the other hand we represent this field classically, we find that there is a nonvanishing probability for finding two photoelectrons. The classical Maxwell field has within it the possibility of providing with some probability any number of photons. Hence experiments of the above variety can distinguish between the two theories.
--... . . ,
Such then is the argument of AJV and Jauch. Here we have also the basis for the usual particle interpretation of photons. A particle must be either transmitted or reflected. Both may be done simultaneously only by a wave. We then see how these macroscopic features of "particle-like" objects arise from the QFT formalism.
PREVIOUS EXPERIMENTAL RESULTS
That a photon is not split in two by a beam splitter is certainly " old hat" and it may seem surprizing that we have gone to the effort to test this prediction experimentally. What is in fact much more surprizing is that evidently no such experimental test has heretofore been performed, and such tests are clearly of great importance. Here we briefly review previous relevant experimental results and show that none provide s the de sir ed dis tinction.
Since the original work of AJV many two":photon coincidence experiments have been done, some involving light beams split by a half:" silvered mirror. These all fall into two basic categories ::""'atomiccascade observations and Brown-Twiss effect observations. Excellent 
where a A and er B are measures of the detector efficiencies, and the brackets denote an ensemble average over the emitted intensities.
Similarly, the average coincidence rate as a function of event separation T is given by:
To obtain a model-independent prediction for the coincidence. rate only from data on the singles rate s does not appear pos sible, since
(2) and (3) involve different averages of let). AJV thus had to make various assumptions (assumptions which were unnecessary in the case of our own experiment). They tacitly as sumed that
holds for each decay, when'T is the order of the decaying state lifetime.
1£ then E pulses per second are emitted per unit time ~y a source, and if TJ is the average probability that a photomultiplier will yield a count, given an atomic decay, the count rate at that detector is
The expected anomalous coincidence rate predicted by the AJV assumptions is then given approximately by 2 C Z TJE •.
(6)
Assuming negligible detector dark rates, the accidental coincidence background rate from which C must be distinguished is 2 2 AZ1") E 27' ,
c where 7' is the resolving time of the coincidence system. One can now c calcuHl.te the integrat:ion time required to measure to a precision of N standard deviations the difference between the excess coincidence rate given by Eq. (6) and the zero excess rate predicted by QFT. Doing this we obtain
which in the limit of high source rates takes the form
T, t -4N 7' 11") .
In c (8)
Thus the validity of their experiment rests directly upon the a.ssumed or measured value of TJ: if it is too small, T, t will be too long and the In -10-experiment will see only the random accidental background. AJV measured their detector efficiencies by assuming that it was given by the
where R is the count rate obtained for a given beam of photons, and W is the power in the same beam measured bolometrically. They thus is the probability for a detector re sponse. given a source atom decay.
Clearly a wave -like pulse emitted by a source atom will expand, in the worst case spherically. or at best with a radiation pattern having a preferred direction. 17 Much of this pulse will not enter the narrow acceptance solid angle subtended by the monochromator. Propagation These experiments have a configuration basically the same as that ,of AJV. Because of the nature of this effec~, however, all existing data have been accumulated with detectors subtending extremely small solid angles, much smaller even than those of AJV. From Eq. (9) we see that the required integration time s cales with the inverse square of the detector solid angles, hence it would be hope Ie ss to try to search for the above anomalous coincidence rate with such arrangements. Furthermore, in these experiments, the Brown-Twiss effect itself would tend to mask the effect we seek. In summary, then, none of the above experiments can provide the desired distinction.
EXPERIMENTAL SCHEME REQUIRING NO ADDITIONAL ASSUMPTIONS
The above discussion indicates that an observation of the anomalous coincidences predicted by a CFTrequires highly efficient photodetectors.
However, even if AJV had had the required efficiency and integration time, their experimental arrangement necessitated assumptions concerning the various field averages, and hence assumed a basic model . '.
-1Z-for the emission mechanism. Since no universally acceptable model is at hand, we have chosen to employ a scheme which renders our resuIts model-independent. We did this by If splittinglf simultaneously both the first and second photons of an atomic cascade. We viewed the light emitted on opposite sides of an assembly of excited atoms and £0- [
• . . here a:r:e the nonvanishing cascade rates. The product of these sets a lower bound to the product of the anomalous rates C 1A -1B and C 2A -2B .
Thus, CFT predicts a large anomalous coincidence rate satisfying Ineq. (12) . The prediction by QFT significantly violates this inequality, requiring no coincidences except those due to two-atom excitations. cJ 600
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